We provide evidence that gap junction proteins, expressed during development, are necessary for the formation of normally functioning connections in the Drosophila optic lamina. Flies with mutations in the gap junction genes (innexins), shakingB, and ogre have normal photoreceptor potentials but a defective response of the postsynaptic cells in the optic lamina. This is indicated by a reduction in, or absence of, transients in the electroretinogram. Ogre is required in the presynaptic retinal photoreceptors. ShakingB(N) is, at a minimum, required in postsynaptic lamina neurons. Transgenic expression of the appropriate innexins during pupal development (but not later) rescues connection defects. Transient gap junctions have been observed to precede chemical synapse formation and have been hypothesized to play a role in connectivity and synaptogenesis; however, no causal role has been demonstrated. Here we show that developmental gap junction genes can be required for normally functioning neural connections to form.
Temporary gap junctions (GJs) have been demonstrated between synaptic partners before synaptogenesis and have been hypothesized to instruct chemical synapse formation. Fischbach (1972) first reported electrical coupling between cultured neurons and their subsequent chemical synaptic partners. GJs form before chemical synapse formation between cultured myotomes and neurons from Xenopus (Peng et al., 1980; Allen and Warner, 1991) and also between cultured motoneurons and myoblasts from early, but not late, stage chick embryos (Bonner, 1989) . In Daphnia, GJs lasting a few hours were seen by electron microscopy (EM) between retinal neurons and their later chemical synaptic partners in the optic lobe (Lopresti et al., 1974) .
Transient GJs have been implicated in connectivity. GJs may specify functional domains for establishing neural maps by coordinating electrical or biochemical activity between adjacent neurons of a given type before synaptogenesis (Yuste et al., 1995; Kandler and Katz, 1998; Chang and Balice-Gordon, 2000) . Temporary GJs may influence pathfinding. The pioneer neuron of the grasshopper limb bud forms transient GJs with guidepost cells (Bentley and Keshishian, 1982) . Likewise, segmentally repeating interneurons in the leech form temporary GJs with counterparts in other segments that may lead to growth restriction as well as determine the direction of neural branching (Wolszon et al., 1994 (Wolszon et al., , 1995 .
Although temporary GJs have been hypothesized to instruct connectivity and synaptogenesis, tools have not been available until recently to demonstrate a causal link. The identification of GJ genes in Drosophila allows experimental perturbation of GJ genes during development. Using molecular genetic techniques, we demonstrate that developmental expression of GJ genes is required for normally functioning adult visual transmission. This report focuses on the spatial and temporal requirements of two GJ genes.
In vertebrates, GJs are formed by connexins (Swenson et al., 1989; Kumar and Gilula, 1996; Unger et al., 1999) . However, in invertebrates, GJs are formed by the innexin family (Sun and Wyman, 1996; Phelan et al., 1998; Landesman et al., 1999; Stebbings et al., 2000) . Mutations in several innexins in Drosophila and Caenorhabditis elegans lead to GJ loss (Phelan et al., 1996 , Starich et al., 1996 Sun and Wyman, 1996) . For example, mutations in Drosophila that eliminate the neural class of shakingB (shB) proteins, shB(N) and shB(N ϩ 16), lead to a loss of GJs between the giant fiber (GF) and its partners (Thomas and Wyman 1984; Krishnan et al., 1993; Phelan et al., 1996; Sun et al., 1996) as well as GJ loss in the haltere system (Trimarchi and Murphey, 1997) and between some larval muscles (Todman et al., 1999) . Mutations in the Drosophila innexin gene ogre cause GJ loss in specific tissues (Y. A. Sun and R. J. Wyman, unpublished observations) . Null ogre mutants are pupal lethal, whereas hypomorphic mutants have reduced optic ganglia Kankel, 1990, 1992) . Some innexins form homotypic GJs in coupled Xenopus oocytes (Phelan et al., 1998; Landesman et al., 1999) , whereas others, including shB(N) and ogre, do not (Phelan et al., 1996 ; K. D. Curtin, D. L. Paul, and R. J. Wyman, unpublished observations). Some innexins are known to multimerize with other family members, forming mixed GJs (Stebbings et al., 2000) .
MATERIALS AND METHODS
Mosaics. The method uses the Flipase Recombinase Target (FRT)/flp recombinase system in which the flipase enzyme (flp) is expressed in the eye under the control of repeated elements of a short, eye-specific enhancer of eyeless (ey) promoter.
Cross : FRT 19A, l(1)CL, ϩ; ogre cb8 cm/ Y. After recombination, cells homozygous for the recessive lethal gene die. Retinal neurons in which recombination has not occurred also die because of the dominant GMR-hid. Only retinal cells homozygous for ogre cb8 live. These cells repopulate the eye and make a nearly normal size eye with only very small bits of wild-type tissue (data not shown). These bits are revealed by their red eye color (ogre cb8 is tightly linked to the recessive eye color marker carmine). Retinal cell death occurs at the larval stage, making it problematic to determine whether retinal axon projections are normal at this stage. In addition, there are no markers to distinguish mosaic larvae or to tell mutant from wild-type axons in larvae.
Electroretinograms. Flies were immobilized in a plastic pipette tip with the head protruding from the tapered end. Flies were oriented with one eye facing a fiber optic lamp positioned behind a shutter. Glass capillaries (1 mm diameter, with filament; Precision Instruments M1B100F-4) were pulled and filled with 130 mM NaC l, 50 mM KC l. The recording electrode was inserted just inside the cornea, and the ground electrode was placed into the back of the head. A Grass stimulator was used to automatically open the shutter to expose flies to the fiber optic light for 4 sec. The response was recorded on an oscilloscope, the screen was photographed on Polaroid film, and the pictures were scanned into a computer. Electrodes were tested for resistance, and similar resistance electrodes were used for all data collection.
Drosophila lines. A 4.5 kb XhoI-HindIII fragment from upstream of the ogre message was cloned into the Gal4 vector pGatB (Brand and Perrimon, 1993) . The XhoI site at the 5Ј end was the same site as that in the 5Ј end of the clone used by Watanabe and Kankel (1990) for ogre rescue. The HindIII site is within the 3Ј end just inside the ogre message start site. ShB N1 and ogre cDNAs were amplified by PCR and cloned into pUAST (Brand and Perrimon, 1993) . Constructs were introduced into flies by P-element-mediated transformation (Spradling and Rubin, 1982) . Sev-Gal4 was from Liqun L uo, GMR-Gal4 was from Matthew Freeman, hs-Gal4 was from Haig Keshishian, R h1-tau-lacZ was from the Barry Dickson laboratory, and R h1-Gal4 was from the Charles Zucker laboratory. The elav-Gal4 enhancer trap line, C155, was obtained from Corey Goodman (University of C alifornia Berkeley). ShB 2 and ogre cb8 mutants were recombined with C155, and this recombinant was used in rescue experiments by crossing to UAS-shB(N) and UAS-ogre lines, respectively. The following lines were obtained from the Drosophila Stock C enter at Indian University: (1) FRT19A, (2)UAS-(nuclear)lacZ, and (3) FRT19A, l(1)CL1, GMR-hid;ϩ; ey-Gal4, UAS-flp. ogre cb8 lines were obtained from Doug Kankel (Yale University). Ogre cb8 was recombined with this marker (Ashburner, 1989) .
Immunohistochemistr y. Adult fly heads were fixed in 3% paraformaldehyde in 5ϫ phosphate buffer (5ϫ PBS without the NaC l) for 5 hr, washed three times for 10 min in PBS, incubated overnight in PBS plus 20% sucrose, and subsequently mounted in TissueTek (Fischer Scientific) and quick frozen by pressurized C O 2 . Sections (10 -15 m thick) were collected onto slides pretreated with poly-L-lysine (Sigma, St. L ouis, MO). Samples were blocked for 1 hr in PBS plus 1% Triton X-100 and 2% BSA or normal goat serum (Vector Laboratories) and then incubated overnight in primary antibody in block. Slides were washed three times for 30 min in PBS plus 0.5% T ween 20. Secondary antibody was applied for 1 hr. Biotinylated goat anti-rat secondary antibody (Vector Laboratories, BA-4000) was resuspended in 1 ml PBS and diluted 1:200 in block. Slides were washed as before. The Vector ABC HRP kit (Vector Laboratories, PK-6100) or ABC Alkaline Phosphatase kit (see Fig. 4 F) were used according to manufacturer's instructions. Visualization was via the Vector V I P stain (SK4600). Slides were mounted with Permount and photographed with a digital camera. Antibodies were obtained from the following sources: anti-␤-galactosidase (gal) (Promega, Z378A) used 1:1000, and anti-synaptotagmin, from Hugo Bellen (Baylor College of Medicine) (Littleton et al., 1993) , used 1:100. Anti-shB antibody was generated in rats by injection of a f usion protein containing the C -terminal tail of the shB protein.
RESULTS

ShB and ogre mutant animals are defective in electroretinogram transients
Electroretinograms (ERGs) record the presynaptic receptor potential and the postsynaptic response of the lamina. Figure 1 A shows an ERG of a wild-type animal. The large sustained corneanegative (downward going) potential (receptor potential) records depolarization of retinal photoreceptors in response to light. This response is independent of synaptic mechanisms (Hotta and Benzer, 1969; Pak et al., 1969; Burg et al., 1993) .
A lights-on stimulus induces a rapid cornea-positive (upward) spike (on-transient). This is followed by a cornea-negative rapid transient response, which is usually masked by the receptor potential and is therefore not discussed further. When the light is switched off, a cornea-negative transient spike (off-transient) is seen, followed by recovery of the receptor potential. These onand off-transients ( Fig. 1 A, arrows) are postsynaptic responses of the lamina monopolar neurons that the retinal neurons synapse with in the lamina (Alawi and Pak, 1971; Heisenberg, 1971) . There are no GJs between retina and lamina neurons in the adult. These are purely chemcial synapses.
The L1 and L2 monopolar neurons are believed to be primarily responsible for generating the ERG transients (Coombe, 1986) . Mutations that disrupt neurotransmitter synthesis in the retina (Hotta and Benzer, 1969; Pak et al., 1969; Burg et al., 1993) or eliminate neurotransmitter release (Stowers and Schwarz, 1999) abolish transients but have no effect on the receptor potential. To date, all published mutants that show normal receptor potentials, but are missing transients, have defects in synaptic transmission for one reason or another.
Both shB and ogre mutants have defects in ERG on-and off-transients (Homyk et al., 1980; Lipshitz and Kankel, 1985) . Figure 1 illustrates these defects for ogre cb8 , a hypomorphic mutation of ogre and shB 2 , a nonsense mutation that eliminates both shB neural proteins (Table 1) . Ogre cb8 flies showed no ERG transients ( Fig. 1 B) , although the magnitude of the receptor potential was completely normal. ShB 2 flies had significantly reduced transients: on-transients were ϳ39% of wild-type and off-transients were ϳ23% of the wild-type transients (Fig. 1C , Table 1 ). The receptor potential of shB 2 flies was also normal. The fact that the presynaptic response in shB 2 and ogre cb8 flies is normal, but that excitation of the lamina is eliminated (ogre) or greatly reduced (shB 2 ), indicates a loss of functional chemical synaptic transmission between the retinal photoreceptors and lamina monopolar neurons in these animals. Coombe (1986) has shown that small transients, ϳ20% of normal, can be seen even after 70% of the L1 and L2 cells have degraded. Thus the reduced transients in shakingB reflect a serious loss of lamina response.
We recorded ERGs from animals under two different lighting conditions, either dark-adapted for 15 min ( Fig. 1 A-D , Table 1) or with room lights on as background illumination (Fig. 1 E-G Table 1 ). The magnitude of the receptor potential was clearly less with background illumination than in dark-adapted conditions because the fractional change in illumination being detected was less (Fig. 1, compare A, E) . The mutant phenotype of shB 2 was slightly more severe when dark-adapted, with both transients ϳ20% smaller in dark-adapted animals than with the room lights on (Fig. 1G , Table 1 ). Subsequent rescue experiments with shB 2 were done with dark-adapted animals.
For ogre cb8 , transients are missing in both lighting conditions; however, we detected partial rescue of the ERG transients (described below) that was most apparent when the room lights were on. We interpret this ability to detect transients more readily when room lights are on as being a result of partial rescue (partial function). This interpretation is supported by the fact that when we increase ogre protein synthesis during rescue by increasing the copy number of the rescue constructs, we see rescue in darkadapted animals as well (data not shown). Because introducing multiple rescue constructs in every experimental situation was not practical, we used the less stringent lights-on conditions to access ogre rescue throughout this study. The ability to detect transients when the room lights are on that are not apparent in dark-adapted animals has also been noted by colleagues in unrelated experimental paradigms in which only partial visual function remains (B. White, personal communication).
Ogre is expressed in a subset of photoreceptor neurons
Ogre is expressed widely in the embryo and in postembryonic neuroblasts that give rise to the optic ganglia (Watanabe and Kankel, 1992) . Ogre message is also detected in the retina of young pupae (ϳ14 hr after puparium formation) but not in the adult retina (Watanabe and Kankel, 1992) . Last, although ogre message is expressed in the optic formation centers earlier during embryonic and early larval development, this expression ends just after puparium formation (Watanabe and Kankel, 1992) .
To determine exactly in which cells in the visual system ogre is expressed, we cloned the ogre promoter next to the Gal4 gene and used it to drive expression from a UAS-lacZ gene encoding a nuclear ␤-gal protein. The ogre promoter that we cloned included all the upstream sequences (ϳ4.5 kb) needed for rescue (Watanabe and Kankel, 1990 ) (see Materials and Methods). Because ␤-gal is stable and builds up over time, we could visualize in adult animals expression from earlier stages, although in situ studies indicate that ogre is not detectably expressed in the adult (Watanabe and Kankel, 1992; Z. Zhang and R. J. Wyman, unpublished observations).
The labeling of the distal-most nuclei in the eye suggests expression in some or all of the retinal photoreceptor neurons, R1-6 (Fig. 2 A) . When we used ogre-promoter-Gal4 to drive tau-␤-gal, which localizes in neural projections, we observed expression in the retinal neuron endings in the lamina, confirming that expression was in some or all of R1-6 (data not shown). The more proximal nuclei in the eye are from R7. There was no expression in R8. There also seemed to be a very low level of expression in the lamina but not in the monopolar neurons from which the transients arise ( Fig. 2 A) (monopolar neurons are in the lamina cortex) (Meinertzhagen and Hanson, 1993) . This entire staining pattern was apparent by mid-pupal development (data not shown), but we saw no retinal expression in larvae. This general pattern and timing of expression in the retina are in agreement with previously published pupal in situ studies (Watanabe and Kankel, 1992) .
Both shB(N) and ogre have a neural focus of activity
To begin to determine where shB(N) and ogre protein are required, we used the Gal4/UAS system to drive expression of shB(N) (or ogre) protein in specific cell types in shB 2 (or ogre cb8 ) mutants [Brand and Perrimon (1993) describe the Gal4/UAS system]. Expression of shB(N) via elav-Gal4, which expresses in all neurons from neural birth through adulthood, caused nearly complete rescue of the shB 2 ERG phenotype [ (Fig. 3D ) compare with wild-type ( Fig. 1 A) and shB 2 ( Fig. 1C) ]. The on-transient in the rescued animals was 91% of the wild-type level compared with 39% for shB 2 with no transgenes. The off-transient in rescued animals was 76% of wild type compared with 23% for shB 2 with no transgenes (Table 2) . ShB(N ϩ 16), which is identical to shB(N) except that it has an additional 16 amino acids at the N terminus, rescued the ERG phenotype with similar efficiency to shB(N) (data not shown). Expression of ogre via elav-Gal4 in ogre cb8 flies mediated partial rescue with on-transients that are 57% of wild type and off-transients that were 56% of wild type In A, the long arrow in the retina marks the more distal layer of some or all of R1-6 nuclei. The short arrow in the retina marks the more proximal nuclei belonging to R7. There is no expression in the lamina cortex, marked by brackets, where the cell bodies of the postsynaptic neurons reside. Lco, Lamina cortex; re, retina; la, lamina. In B, sev-Gal4-expressing eye cells include R3, R4, R7, and cone cells. Sev-Gal4 is also expressed in cells at the retina-lamina margin (arrows) as well as in many outside the optic lamina.
( Fig. 3A , Table 2 ). These results show that the lack of both shB(N) and ogre in neurons is responsible for the defects in the visual system. In addition, although expression of ogre via elav-Gal4 rescued the ERG phenotype, frozen sections of these animals had reduced optic ganglia mostly indistinguishable from ogre cb8 without transgenes (Curtin and Wyman, unpublished observations), presumably because expression comes on too late to rescue the proliferation of neuroblasts in the optic formation centers. This shows that the ERG phenotype may be rescued mostly independently of the optic ganglia phenotype.
Does removing ogre from the eye disrupt retina-lamina communication?
Ogre is expressed in photoreceptors and required in neurons. This suggests that it may be required in photoreceptors. To determine this, we tested the ERGs of mosaic flies in which the eye is completely mutant for ogre, and all other body tissues, including the lamina, are heterozygous (phenotypically wild type) for ogre. Such mosaics were generated by the method of Stowers and Schwarz (1999) (see Materials and Methods for a description of the cross). ERGs from ogre cb8 mutant-eye flies were completely lacking on-and off-transients when dark adapted [ (Fig. 1 D) eight flies tested with same result] and had very small transients when tested with the room lights on (on-transient ϭ 0.39 Ϯ 0.2 mV; off-transient ϭ 0.97 Ϯ 0.4 mV; average of eight animals). We obtained the same results using ogre jNL3 (Watanabe and Kankel, 1990) , a null allele (data not shown; rare viable males were used for the cross). Control mosaics generated with a nonmutant chromosome were normal (data not shown).
Last, these mosaic animals differ from ogre cb8 mutants in having normal-size optic ganglia. Staining of head sections from ogre-mutant eye animals with the neural specific anti-elav antibody was indistinguishable from wild type (data not shown), showing an apparently normal complement of cells in the optic ganglia. Figure 4 , D and E, also shows that ogre-mutant eye animals have a normal-size optic ganglia.
Can expression of ogre in the eye restore retina-lamina connections?
Ogre was required in photoreceptors for lamina neurons to respond normally to photoreceptor depolarization. To determine whether expression in photoreceptors was sufficient to rescue the ERG phenotype of ogre cb8 , we used several retina-specific drivers to drive ogre protein expression.
(1) ogre-promoter-Gal4 was expressed in a subset of retinal neurons as described. This expression was evident by mid-pupal stages. There was no apparent expression in lamina neurons (Fig.  2 A) (Meinertzhagen and Hanson, 1993) .
(2) The sevenless (sev)-Gal4 gene is expressed in retinal neurons 3, 4, and 7, as well as in cone cells (Tomlinson et al., 1987) beginning before the third larval instar. To determine where this driver expresses later in development, we used it to drive nuclear ␤-gal and examined frozen sections of adult heads (Fig. 2 B) . We observed expression in the eye, including R7 as well as cells, possibly glia, at the margin between the retina and lamina. There is no obvious expression in postsynaptic lamina neurons (Meinertzhagen and Hanson, 1993) .
(3) GMR-Gal4 expresses in retinal neurons 1-8 commencing in the larval stages.
(4) Rhodopsin 1 (Rh1)-Gal4 expresses in retinal neurons 1-6 beginning late in pupal development.
Expression of ogre via the ogre-promoter-Gal4 driver rescued the ERG phenotype (Fig. 3B, Table 2 ) with on-transients that were 61% of wild type and off-transients that were 72% of wild We used various Gal4 drivers to drive either shB(N) protein in a shB 2 mutant animal or ogre protein in an ogre cb8 mutant animal to see when and where expression of each protein was required to rescue the ERG. ShB 2 rescue experiments were done using a 15 min dark adaptation protocol, and ogre cb8 rescue experiments were done with the room lights on. All data points are averages with the SD from the mean. All data are averages from 12 animals, except for ogre cb8 rescue with elav-Gal4, which shows an average of 8 animals, and ogre cb8 rescue with sev-Gal4, which is an average of 6 animals. ND, Not done. Rescue of the ERG phenotypes of shB 2 and ogre cb8 using various Gal4 drivers. A-C, ERGs from ogre cb8 males in which ogre protein is driven by elav-Gal4 ( A), ogre-promoter-Gal4 ( B), or sev-Gal4 ( C). All were tested with room lights on. Compare with wild type (Fig. 1 D) and ogre cb8 (Fig. 1 E) . All three drivers lead to partial rescue. D-F, ERGs of shB 2 males in which shB(N) expression is driven by elav-Gal4 ( D), ogre-promoter-Gal4 ( E), or sev-Gal4 ( F). All were dark adapted. Compare with Figure 1 , A and C. Only elav-Gal4 rescues completely.
type, compared with no transients in ogre cb8 alone. Rescue was seen consistently only when the room lights were on. Rescue improved to nearly complete with an increased number of copies of ogre-promoter-Gal4 and UAS-ogre (data not shown), suggesting that partial rescue was a result of inadequate levels of protein expression. Attempts to rescue the ogre cb8 ERG phenotype via the sev-Gal4 driver led to similar partial rescue with on-transients that were 65% of wild type and off-transients that were 58% of wild type (Fig. 3C, Table 2 ). If expression was driven with both ogre-promoter-Gal4 and sev-Gal4 together, we observed nearly wild-type transients (see Table 4 ).
Expression of ogre via the GMR-Gal4 line, which expresses at high levels in all retinal neurons, led to severe eye roughness (data not shown), indicating retinal cell death or failure of some retinal cells to develop (Tomlinson et al., 1987; Wolff and Ready, 1992) . The significant loss of retinal cells made this driver unsuitable for testing rescue of the ERG.
Ogre-promoter-Gal4 and sev-Gal4 rescued the transients, and both are expressed in retinal photoreceptors. The only overlap in the staining pattern of these two drivers is in the retina, and combined use of both drivers led to complete rescue (see Table 4 , top row). This leads us to conclude that ogre expression in a subset of retinal neurons may be sufficient for functioning retinalamina connections to form.
Last, although expression of ogre via sev-Gal4 partially rescued the ERG phenotype, frozen head sections of these animals showed that the optic ganglia are mostly indistinguishable from ogre cb8 with no transgenes, as was also the case with elav-Gal4 ERG rescue animals (data not shown). Thus ERGs can be rescued even in animals with defective optic ganglia. The small optic ganglia of ogre mutants is a result of a defect in cell proliferation, and possibly cell death, in the optic formation centers early in development (Lipshitz and Kankel, 1985) , whereas retina-lamina connections form later during pupal development when ogre is expressed in the retina (Watanabe and Kankel, 1992) .
Where is shB(N) expression needed?
Expression of shB(N) in both presynaptic and postsynaptic cells via elav-Gal4 rescues the ERG (Table 2) . Pupal in situ studies show that shB is expressed in the lamina and retinal neurons peaking at the mid-pupal stage (Crompton et al., 1995) , whereas in the adult, shB(N) and shB(N ϩ 16) are expressed in the monopolar neurons in the adult lamina but not in the retina . Thus, shB(N) may be required in both presynaptic and postsynaptic cells or in just one of these cell types.
To determine whether retinal expression of shB(N) is sufficient, we used the same retinal drivers for ERG rescue. Expression of shB(N) via retina-expressing drivers, including the ogre-promoterGal4 line (Fig. 3E) , the GMR-Gal4 line, and the Rh1-Gal4 line did not rescue the shB 2 ERG phenotype ( Table 2 ). The sev-Gal4 driver did not rescue the off-transient of shB 2, although there was weak rescue of the on-transient (Fig. 3F, Table 2 ) (see Discussion). When we used these same retinal drivers to express shB(N) in a wild-type background, we saw normal ERGs. This shows that the negative rescue results were not caused by exogenous shB(N) interfering with endogenous innexins.
Expression of shB(N) in both presynaptic and postsynaptic cells via the elav-Gal4 enhancer traps rescued completely, whereas expression in the presynaptic cells alone gave no rescue or partial rescue. This shows that shB(N) is needed postsynaptically in the lamina for important aspects of its function (see Discussion). At the moment, tools are not available to pursue the cellular requirements of shB(N) as far as we could for ogre. We cannot make eye mosaics because shB lies closer to the centromere than any of the available FRT insertions. In addition, no lamina-specific drivers have been characterized to allow us to determine whether shB(N) expression in the lamina is sufficient for rescue.
Expression is required during development
To determine when shB(N) is needed, we used hs-Gal4 to drive expression at different times in shB 2 mutants. This heat-shock driver has low-level expression at a low temperature (17°C) and increased expression at a high temperature (31°C). We tested three groups of animals. A control group was kept continuously at the low-expressing temperature and tested 4 -5 d after hatching. A second group was heat shocked to the high-expressing temperature from the white prepupal stage through approximately twothirds of pupation. These flies were then placed at the lowexpressing temperature and tested 4 -5 d after hatching. A third group was heat shocked for 2 d as adults and tested immediately after heat shock.
Mutants that were heat shocked only as adults were indistin- guishable from flies that were never heat shocked ( Table 3) , showing that adult expression alone is insufficient for rescue. The on-transient was rescued by hs-Gal4 even at the low-expressing temperature (Table 3 ). This might be attributable to leaky expression (see also Discussion). Animals reared at the lowexpressing 17°C showed no rescue of off-transients; they were indistinguishable from shB 2 flies without transgenes (Table 3;  compare Table 1 , wt, dark-adapted). However, animals heat shocked during the first two-thirds of pupal development showed significant rescue of off-transients to 60% of wild-type values. This represents a 2.7ϫ increase over the off-transient values for shB 2 without rescue constructs and is comparable to rescue seen with elav-Gal4. In addition, these animals showed rescue 5 d after heat shock was terminated. Because preliminary experiments show that innexins have a half-life of ϳ6 hr in the animal, similar to that seen with connexins (Fallon and Goodenough, 1981; Zhang and Wyman, unpublished observations) , this suggests that shB(N) may not be needed in the adult. The time window during which shB(N) was required includes the developmental stage when retinal axons rearrange and chemical synapses form.
We could not use heat shock to determine when ogre is needed, because expression of ogre via hs-Gal4 was lethal to ogre cb8 animals, which have very low viability even without heat shock. However, on the basis of several pieces of data, ogre expression is required during development. First, ogre message can be detected in the visual system of early pupae but not in adults (Watanabe and Kankel, 1992) . Second, the sev-Gal4 and elav-Gal4 drivers, which mediated ERG rescue of ogre cb8 , begin expression by the third larval instar. Third, ogre-promoter-Gal4 driver expressed in the retina by the mid-pupal stage (data not shown). Fourth, the R1-6 expressing driver, Rh1-Gal4, which turns on in the last half of pupal development after chemical synapse formation is complete (Meinertzhagen and Hanson, 1993) , does not rescue (Table  2) . Rh1-Gal4 showed high levels of ␤-gal expression in R1-6 (data not shown). Last, below we describe ogre phenotypes that implicate ogre in late, pupal stages of development of retina-lamina connections (also see Discussion).
Do ogre and shB(N) affect R1-6 pathfinding? R1-6 in shB 2 animals
Normally the axons for R1-6 terminate in the lamina, whereas R7 and R8 axons pass through the lamina to terminate in the medulla, with R8 terminating distally to the central brain and R7 proximally. In pathfinding mutants, errors are usually evident by the third larval instar (Garrity et al., 1999) . We examined 55 third larval instar nervous systems of shB 2 animals: in 20 animals all retinal axons were stained with chaoptin antibody (24B10) (Fujita et al., 1982) and 35 animals were marked with Ro-lacZ (Garrity et al., 1999) , which expresses in R2-5, and stained with an anti-␤-gal antibody. No retinal projection defects were seen at this stage with either method.
We examined R1-6 projections in adult shB 2 flies by marking them with an Rh1-tau lacZ construct (Newsome et al., 2000) and staining frozen adult head sections with an anti-␤-gal antibody. Wild-type R1-6 projections are shown in Figure 4 A. In shB 2 adults, R1-6 appeared normal in most animals (Fig. 4 B) , although axons are so tightly packed in the lamina that subtle disorganization would not be easily detectable. In some flies (6 of 25), a fraction of R1-R6 neurons extended beyond the lamina and into the first optic chiasm (Fig. 4C) . These defects were rescued by expression of shB(N) in all neurons via elav-Gal4 (data not shown). Because R1-6 apparently successfully find and stop in the lamina in the larval stage, it may be later during pupation that some mutant axons extend beyond the lamina. The results suggest that pathfinding is mostly normal in shB 2 animals.
R1-6 in animals with ogre cb8 mutant eyes
We cannot examine pathfinding at the third larval instar of ogre mutants because the optic ganglia are defective. For technical reasons, we also cannot interpret ogre mutant-eye mosaics at this stage (see Materials and Methods). To examine R1-R6 in adults with ogre cb8 all-mutant eyes, we made mosaics that carried an Rh1-tau-lacZ marker on the second chromosome. The axons stopped correctly in the lamina and did not exhibit obvious pathfinding errors (Fig. 4 D) , although in ϳ10% of samples we saw occasional small gaps in the staining pattern of R1-6 (data not shown). Control mosaics generated by the same method were indistinguishable from wild type (data not shown).
Normal localization of synaptic proteins
Although the synaptic connections are not functional, at least one synaptic protein localizes normally. Using an antibody to synaptotagmin (Littleton et al., 1993) , we found that synaptotagmin distribution was found in a wild-type pattern in both shB 2 (data not shown) and ogre cb8 mutant-eye animals (Fig. 4 E) . The normal localization of synaptotagmin in shB 2 is consistent with EM data showing the presence of synaptic vesicles (Shimohogashi and Meinertzhagen, 1998 ) (see Discussion). We do not have a good antibody to ogre, and shB(N) is not detectably expressed in the adult or developing visual system with our current antibody. However, when we overexpressed shB(N) in adult heads via elav-Gal4, we observed localization to brain neuropile in a pattern grossly similar to synaptotagmin (Fig. 4 F) . Expression of a myc-tagged ogre protein in all neurons via elav-Gal4 showed the same pattern of staining as that shown for shB(N) (data not shown). In addition, myc-tagged versions of both proteins localize to the cell membrane in a punctate staining pattern when expressed in the salivary gland (data not shown), consistent with their established roles as GJ proteins.
Between what cells are gap junctions forming?
Developmental GJs could form between the photoreceptor neurons of the retina and the neurons of the lamina. An alternative is that GJs form within the retina and within the lamina, but not between the two; i.e., ogre is a component of intra-retinal GJs and shB(N) is a component of intra-lamina GJs. Neither ogre nor shB(N) is able to form homotypic GJs in a number of assays (Phelan et al., 1996; Curtin and Paul, unpublished observations; Sun and Wyman, unpublished observations) . Thus, no matter where they participate in GJ formation, they probably need to mate with other innexins to form GJs. Expression of shB(N) was driven by a heat-shock promoter in a shB 2 mutant animal at various times during development to determine when the protein is needed to rescue the ERG phenotype. Data shown are averages from eight flies with the SD shown. The first row is data from flies not subjected to heat shock. The second row is from flies heat shocked from late in the third larval instar through late pupal development. The third row is from flies that were heat shocked only as adults. Receptor potentials were unaffected by heat shock.
If the function of ogre is to take part in intra-retinal junctions, then it should be possible to rescue ogre ERGs by expressing shB(L), a homotypic innexin protein (Krishnan et al., 1995; Phelan et al., 1998) , in the eye, thus restoring intra-retinal GJs. ShB(L) was expressed in the retinal neurons of ogre cb8 mutants using ogre-promoter-Gal4 and sev-Gal4 together. This is the promoter combination that effected complete rescue when driving ogre (Table 4) . When driving shB(L), however, there was no appreciable rescue of the ERG transients (Table 4) .
We cannot test whether expression of shB(L) in both presynaptic and postsynaptic cells would rescue ogre, because expression via the elav-Gal4 driver leads to lethality (Stebbings et al., 2000 ; K. D. Curtin and R. J. Wyman, unpublished observations), and no more specific driver that expresses in retina and lamina is available.
DISCUSSION
Transient GJs have been observed in developing nervous systems throughout the animal kingdom, including between cells that will later form chemical synaptic pairs (see introductory remarks). Although developmental GJs have been hypothesized to affect target selection and synaptogenesis, no causal relationship has been established previously. Here we show that developmentally expressed GJ proteins are required for normally functioning adult connections to form in the Drosophila optic lamina. ShB 2 and ogre-mutant eye animals have ERG defects indicative of failure of the lamina monopolar neurons to respond to their presynaptic partners, the retinal photoreceptors. Ogre is required in the retina, and shB(N) is required, at a minimum, in the lamina. These genes are expressed during pupal development when final connections are forming, and transgenic expression during pupal development is required to rescue the connections. Development of the presynaptic or postsynaptic tissue appears normal through the third larval instar by several criteria. These genes are required for a late step in development of functional connections in the optic lamina.
Normal development of retina-lamina connections
Connectivity between R1-6 and the lamina occurs in two distinct phases. During the third larval instar, R1-6 terminate in the lamina plexus in a regular pattern with R1-6 axons from a single ommatidium remaining together in a fascicle and R cells from adjacent ommatidia terminating in adjacent fascicles. No chemical synapses are formed at this stage. During early pupal development, ϳ30 hr after R1-6 reach the lamina, the retinal axons in each ommatidium defasciculate and extend growth cones across the lamina surface. Rearranging R1-6 growth cones make stereotypical contacts with each other before terminating at and forming synapses with their final lamina targets. The adult lamina is composed of repeating units (cartridges) containing several monopolar neurons (L1-5), as well as R1-6 axons. Final wiring occurs so that each cartridge receives inputs from one of each R1-6 neuron. Each of these R cells come from different ommatidia, and all point in the same direction; i.e., they are stimulated by the same bit of the visual field. R1-6 synapse primarily with monopolar neurons and amacrine cells, and chemical synapse formation is complete by mid-pupal development (Meinertzhagen and Hanson, 1993) .
Multiple neural circuits in the optic lamina
The on-and off-transients arise from lamina monopolar neurons (Alawi and Pak, 1971; Heisenberg, 1971; Coombe, 1986) . The on-transient is caused primarily by the monosynaptic connections from photoreceptors (Meinertzhagen and O'Neil, 1991; Burg et al., 1993) . ShB(N) seems to be required for these connections to form normally. The on-transient is significantly affected in shB 2 (Table 1 ) and in a fraction of shB 2 animals; photoreceptor axons pass by the lamina (Fig. 4C) .
The off-transient includes a contribution from a second pathway. This may be a disynaptic pathway from retina to amacrine cells to lamina monopolars (Meinertzhagen and O'Neil, 1991) . The amacrine-monopolar synapses may be cholinergic because cholinergic synapses, not coming from photoreceptors, contribute to the off-transient (Greenspan et al., 1980) . ShB(N) may also be required for the establishment of this pathway. ShB(N) transgenic expression sometimes rescued the on-transient but not the off-transient (Table 3 , top line). ShB(N) could be required in the eye to promote retinal to lamina monopolar connections that contribute to the on-transient. For its role in generating the off-transient, however, shB(N) could be required in amacrine neurons to promote retina to amacrine connections or in amacrine or lamina monopolar neurons to promote connections between these two cell types. Ogre affects both transients and thus could contribute to both pathways. Other innexins may contribute to the development of either pathway. One is expressed in the lamina , and several have not been characterized. Given the complexity of the final chemical synaptic connections, any required developmental GJ connections might be quite complex.
Innexins act during early pupal development
We believe that ogre and shB(N) act primarily during the pupal stage when photoreceptor axons rearrange to find and synapse with their final lamina targets. First, both genes are expressed in the visual system during the first half of pupal development (Watanabe and Kankel, 1992; Crompton et al., 1995) . Although shB message is also detected in the adult lamina , ogre is not detected in adults (Watanabe and Kankel, 1992; Zhang and Wyman, unpublished observations) . Intra-lamina or retina-lamina GJs have not been observed in the adult, so the function of shB(N) in the adult lamina is unclear. Second, both genes were required sometime between late larval mid-pupal stages for rescue (see Results). Third, R1-6 axons of shB 2 and ogre cb8 mutant-eye animals stopped normally in the lamina in early larval stages.
Last, the photoreceptor projections to the lamina in the third larval instar induce a final division and differentiation of lamina target cells (Meinertzhagen and Hanson, 1993) . This occurs normally in shB 2 , which contains the normal complement of cells in lamina cartridges (Shimohogashi and Meinertzhagen, 1998) . Similarly, ogre cb8 mutant-eye mosaics showed a normal arrangement of neural cells in the optic lamina via anti-elav staining (data not shown). All of these observations argue for normal retina-lamina contacts through the third larval instar. This places the developmental disruption in the early pupal period when these genes are expressed in the retina or lamina (Watanabe and Kankel, 1992; Crompton et al., 1995) and when the retinal photoreceptor axons are reorganizing and making their final synaptic connections.
In addition to a developmental function, either protein may have an adult function. In wild-type animals, retinal axons are coupled very sparsely by GJs in the adult. This coupling is reduced very slightly but not eliminated in shB 2 (Shimohogashi and Meinertzhagen, 1998) . The possible role of ogre in these junctions is unknown. The function of these adult GJs is unknown.
For what developmental process are GJs required?
ShB(N) and ogre are not needed for early pathfinding. However, there may be subtle disorganization of R1-6 axons in either shB 2 or ogre cb8 mutant-eye animals, which might indicate defective sorting out of axons during early pupae. This may be why 24% of shB 2 adults showed some R1-6 axons passing the lamina after the larval stage. Future analysis should help us to determine whether axon projections within the lamina are normal for both mutants [via EM or see Clandinin and Zipursky (2001) ].
EM analysis of shB 2 animals, however, shows that lamina cartridges can be structurally quite normal and include synaptic vesicles and presynaptic ribbons (Shimohogashi and Meinertzhagen, 1998) . Future, structural analysis will illuminate this issue for both mutants, but subtle disorganization may not explain the synaptic transmission defects given the very robust nature of the ERG transients (Coombe, 1986) .
The role of shB(N) in pathfinding and synapse formation has been studied in the GF system. The GF forms dual electrical/ chemical synapses with the TTMn jump motoneuron (Blagburn et al., 1999) . The electrical synapses are missing in shB 2 mutants by electrophysiological and dye-fill criteria (Thomas and Wyman, 1984; Phelan et al., 1996; Sun and Wyman, 1996) . In shB 2 mutants, the GF contacts its target cells normally (Sun and Wyman, 1996; Jacobs et al., 2000) . Synaptic vesicles are also present at the contact point between the GF and the TTMn (Blagburn et al., 1999 ). It has not been possible to assay the function of GF to TTMn chemical synapses in wild-type animals because their activity would be masked by the more rapidly occurring spike response caused by the electrical synapse. However, electrophysiological data suggest that this chemical synapse functions very weakly in shB mutants, failing at stimulation rates of Ͼ1/sec (Thomas and Wyman, 1984; Baird et al., 1990) . In addition, presynaptic machinery can be morphologically normal even in the absence of a normally functioning synapse (Prokop et al., 1996; Allen et al., 1999) . Determining the exact defect leading to a failure of information transfer may require in-depth structural and functional studies, which we leave to later research.
Where are gap junctions forming?
Two nonmutually exclusive possibilities seem most likely. First, ogre could participate in GJs between photoreceptors, whereas shB(N) participates in GJs between lamina neurons. For example, intra-retinal GJs could form during early pupal development when retinal axons make stereotypical contacts with each other (Meinertzhagen and Hanson, 1993) . These contacts may be important for final wiring to be accurate (Clandinin and Zipursky, 2001) . Although light-evoked activity is not required for connections to form normally in Drosophila (Meinertzhagen and Hanson, 1993) , spontaneous activity has not been examined. Such activity, transmitted through GJs, is important for fine-tuning retinal connections in vertebrates (Penn et al., 1994) . Alternatively, ogre and shB(N) may be components of transient GJs between presynaptic and postsynaptic neurons, as have been observed in Daphnia and other systems (see introductory remarks). Such GJs could easily play a role in final target selection or the formation of a functional chemical synapse.
